Abstract Previously, deficiency in the expression of the nuclear orphan receptor TAK1 was found to be associated with delayed cerebellar granule cell migration and Purkinje cell maturation with a permanent deficit in foliation of lobules VI-VII, suggesting a role for TAK1 in cerebellum development. In this study, we confirm that TAK1-deficient mice at PND21; however, activated microglia were present in the cerebellum, suggestive of earlier cell death. These structural deficits in the cerebellum were not sufficient to alter motor strength, coordination, or activity levels; however, deficits in acoustic startle response, prepulse startle inhibition, and social interactions were observed. Reactions to a novel environment were inhibited in a light/dark chamber, open-field, and home-cage running wheel. TAK1 −/− mice displayed a plateau in performance on the running wheel, suggesting a deficit in learning to coordinate performance on a motor task. These data indicate that TAK1 is an important transcriptional modulator of cerebellar development and neurodevelopmentally regulated behavior.
delay in monolayer maturation of dysmorphic calbindin 28K-positive Purkinje cells. The astrocyte-specific glutamate transporter (GLAST) was expressed within Bergmann fibers and internal granule cell layer at significantly lower levels in the cerebellum of TAK1 −/− mice. At PND21,
Golgi-positive Purkinje cells in TAK1
−/− mice displayed a smaller soma (18%) and shorter distance to first branch point (35%). Neuronal death was not observed in TAK1
−/− mice at PND21; however, activated microglia were present in the cerebellum, suggestive of earlier cell death. These structural deficits in the cerebellum were not sufficient to alter motor strength, coordination, or activity levels; however, deficits in acoustic startle response, prepulse startle inhibition, and social interactions were observed. Reactions to a novel environment were inhibited in a light/dark chamber, open-field, and home-cage running wheel. TAK1 −/− mice displayed a plateau in performance on the running wheel, suggesting a deficit in learning to coordinate performance on a motor task. These data indicate that TAK1 is an important transcriptional modulator of cerebellar development and neurodevelopmentally regulated behavior.
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Introduction
Members of the nuclear receptor superfamily play a critical role in the regulation of many physiological processes and have been implicated in multiple pathologies. TAK1 (TR4, NR2C2) with the closely related receptor TR2 (NR2C1) constitutes one subclass of nuclear receptors [1] [2] [3] [4] . TAK1 functions as a positive or negative regulator of transcription by binding as a homodimer or as a heterodimer with TR2 to deoxyribonucleic acid response elements consisting of direct repeats of the consensus sequence AGGTCA spanned by 1-5 nucleotides (DR1-5) [5] [6] [7] . Transcriptional regulation by TAK1 is mediated through recruitment of transcription intermediary factors, co-repressors, and co-activators that, through their histone deacetylase or acetylase activities, induce changes in chromatin structure [8, 9] . TAK1 is highly expressed in brain, spleen, testis, and hematopoietic cells [1] [2] [3] [4] 7] . In adult rodent brain, TAK1 is highly expressed in the external granular layer of the cerebral cortex, the pyramidal cells and dentate granule cells of the hippocampus, and cerebellar granule cells [2, 10] . During brain development, TAK1 is expressed in a temporal and spatial manner [10] . In the embryonic and neonatal cerebella, TAK1 expression patterns are correlated with neurogenesis, suggesting a role of TAK1 in regulating cerebellum development [10, 11] . During normal postnatal development, dynamic changes occur in the laminar architecture of the cerebellum. The external granule layer (EGL) thickens progressively until a peak is reached at approximately postnatal day (PND) 7 followed by migration of granule cells through the molecular layer (ML) to the internal granular layer (IGL). Granule neuron precursors migrate into the IGL under the guidance of Bergmann fibers expressing the astrocyte-specific glutamate transporter, Lglutamate/L-aspartate transporter (GLAST) [12] [13] [14] . Granule cell survival is compromised, and migration does not occur when Bergmann fibers are disordered and atrophic. However, such structural abnormalities may be secondary to a defect in granule cells [15, 16] . In addition, disruption of the granule cell population has a significant effect upon Purkinje cells, resulting in poor alignment and stunted to mis-oriented dendritic trees [13, 17] , and Bergmann fibers may influence the dendritic projections of Purkinje cells [18] . In various mouse models of cerebellar development, observed alterations in lobules VI-VII are related to deficits in granule cell migration and Bergmann glia maturation [19] [20] [21] [22] [23] [24] . In this study, we replicate and expand upon the previously reported delayed migration of cerebellar granular neurons as a function of TAK1 deletion [11, 25] . We present data suggesting that this alteration is related to significant deficits in the migratory scaffolding and cell signaling of GLAST. Altered structural or functional components of brain development can have long-lasting impacts on neural network connectivity. We now show that the developmental delay in granule cell migration and the disarrangement of the cerebellar Purkinje neurons result in long-term behavioral deficits in response to novel environments, social contact, startle reactivity, deficits in prepulse startle inhibition, and cerebellar motor learning in the absence of gross changes in motor coordination. These observations are consistent with the conclusion that the transcriptional regulator TAK1 is an important modulator of neurodevelopment and that alterations in the maturation of the cerebellum can be associated with deficits in non-motor behaviors.
Materials and Methods

TAK1
−/− Mice TAK1 knockout were generated by deleting a 6-kb region between intron 5 and 9, resulting in the removal of exons 6-9 and a frame shift in exon 10. Mice were backcrossed onto a C57BL/6 background and housed in a semi-barrier facility (21±2°C; 50±5% humidity; 12-h light/dark cycle). Heterozygous dams were observed during the first 2 weeks post-partum for nest-building (shredding of 2×2 in. cotton neslett), localization of pups, and pup retrieval. Suckling was determined by nipple attachment and presence of milk band in the pups. Body weights and whole brain wet weights were recorded at PND21 and 4 months of age (n= 10-16). All animal studies were conducted according to protocols approved by the Institutional Animal Care and Use Committee at the National Institute of Environmental Science (NIEHS).
Histological Evaluation
Based upon previous studies suggesting PND7 as an age showing cellular alterations in the TR4 null cerebellum [11, 25] , related morphological features were examined at this age in TAK1 −/− mice. Brains were excised, immersion fixed in 4% paraformaldehyde/phosphate buffer for 10 h, rinsed, cryoprotected in 30% sucrose/phosphate-buffered saline, and embedded in optimal cutting temperature (OCT) 
Running Wheel
As measures of long-term motor function, cerebellar learning, and diurnal cycle, individual adult mice were placed in home cages with free access to a running wheel (Mini-Mitter®; Respironics Co., Bend, OR). Wheel rotations were recorded in 1-h epochs continuously over 9 days. Food and water were available ad libitum.
Startle Response/Prepulse Startle Inhibition
Startle reactivity to auditory stimuli (40-ms duration and a broad sound frequency spectrum) was recorded using a SR-LAB, (San Diego Instruments, San Diego, CA) apparatus. Prepulse startle inhibition (PPI) of the auditory startle response was measured to assess sensorimotor gating [31] as the ability of the nervous system to inhibit a motor response to sensory input [32] . Movements initiated by programmed auditory stimuli (40-ms duration) were transduced into startle amplitude. A 20-min session began with a 5-min acclimation period followed by three consecutive blocks of test trials. The first and last blocks consisted of six pulse-alone trials. The middle block contained 52 pulse alone, prepulse+pulse, and no-stimulus trials in a pseudorandomized order. A no-stimulus (background white noise only) interval was incorporated to measure basal movement of the animal. Test trials were separated randomly by variable 15-ms inter-trial intervals, and auditory pulses were presented randomly. Each trial started with a 50-ms null period and ended with a 200-ms recording period. Prepulse stimuli were 20-ms long and presented 100 ms before the 120-dB startle.
Social Behavior
A rectangular, three-chambered open-access plexiglass box was used to assess social behavior, as described previously [33] . After a 5-min exploration period, the amount of time spent in each chamber, the time spent sniffing the "stranger", and the number of "sniffing bouts" (>5 s) were recorded.
Statistical Analysis
Two group analyses were conducted using Student's t tests. Categorical data was analyzed by Chi-square. Behavioral data was analyzed by one-way analysis of variance (ANOVA) or Mann-Whitney U test for non-parametric data. Prepulse startle response, locomotor activity, and running-wheel activity were analyzed by repeated measures ANOVA. Statistical significance was set at p<0.05. Wheel activity data was modeled using a sigmoidally transformed cosine curve [34] and the amplitude (maximum amount of activity) determined.
Results
TAK1
−/− Phenotype To obtain further insights into the nervous system functions of TAK1, we generated TAK1 null mice on a C57BL/6 background. Heterozygous pairs were used to generate TAK1 −/− mice. Approximately, 50% of the TAK1 −/− embryos were resorbed during development, while full necropsy of surviving TAK1 −/− mice did not identify any gross morphological or histological differences compared to wild type (WT). No pup loss occurred during the lactational period. As any developmental process can be influenced by the interactions between the dam and pups, we examined aspects of maternal/pup behavior. TAK1 +/− and WT dams were similar in nest building, pup retrieval, and nursing. In TAK1 −/− offspring, Chi-square analysis showed no alterations in response to handling, righting reflex, hindlimb placement, and gait. There was no evidence of tremor, either constitutive or induced by handling, as has been reported for TR4 −/− mice on a C57BL/6×129SvEv hybrid background [25, 35] . TAK1 −/− showed lower body weights at weaning that were significant by 4 months of age, (WT=25-35 g (n=11); TAK1 −/− =22-29 g (n=10); p<0.05) and brain weight (PND21=10±2%; 4 months=20±5% decrease; p<0.05). Consistent with reports on TR4 −/− mice, the cerebellum was smaller in size, and an absence of the intercrural fissure that normally separates folia VI and VII of the cerebellum was seen in TAK1 −/− mice (Fig. 1a) . This was confirmed across multiple planes of cut of the cerebellum in all mice at all ages examined (n=20).
PND7 Cerebellum
Examination of the TAK1 −/− cerebellum at PND7 (n=6)
showed a thinner (40% decrease, p<0.05) and less welldefined ML throughout the cerebellum, as compared to WT (Fig. 1b-c) . The width of the EGL was not significantly different between the two groups of mice, whereas the IGL was significantly (p<0.05) decreased by 35% in the TAK1 −/− mice (Fig. 1c) . In postnatal development of the cerebellum, the active migration occurring at PND7 is reflected in a diffuse staining pattern for both calbindin 28K [36, 37] and GLAST [18] . By PND7, Purkinje cells begin to establish a monolayer alignment [18] . This transition was evident in WT and TAK1 −/− mice, with TAK1 −/− Purkinje cells showing less of a monolayer alignment than what is normally seen in the adult. The monolayer was easily distinguished in the WT but was less distinctive in the TAK1 −/− mice ( Fig. 2a- 
b). Previous reports on the TR4
−/− mice demonstrated a severe shunting of the Purkinje cells at PND7 that was transient and dissipated by PND14 [38] . When morphological features of calbindin 28K-positive (28K + ) Purkinje cells were examined at PND7, we did not observe severe shunting; however, the dendritic projections did not demonstrate a distinct linear organization, but rather showed a dysmorphic pattern in TAK1 −/− mice ( Fig. 2b-c) .
Analysis of z-stack images through thick sections indicated shorter processes (15±3%; p<0.05), as compared to WT.
Deficit in GLAST Immunostaining in TAK1 −/− Mice In normal cerebellar development, the granule cells utilize Bergmann fibers of the Golgi epithelial cells for migration through the ML and past the developing Purkinje cells. During this process, the folia of the cerebellum are established. During normal postnatal development, the rod-like domain of Bergmann fibers is immunopositive for GLAST. Cells that had incorporated BrdU on PND2 were found in contact with GLAST + fibers in both the TAK1
and WT mice (Fig. 3) . In WT mice, the rod-like domain of Bergmann fibers positive for GLAST showed a distinct linear organization (Fig. 3) ; however, in the TAK1 −/− mice, immunostaining for GLAST ( Fig. 4a-b ) and normal linear organization were diminished (Fig. 3) . Quantitation of the fluorescent signal for protein indicated significantly less GLAST in the TAK1-null cerebellum (Fig. 4c) . This deficit was observed in both the rod-like domains of Bergmann fibers as well as processes within the granule cell layer. This pattern suggests that the deficit in GLAST expression, whether representing a structural or signaling component, contributes to the altered migration of granule neurons and the developmental delay seen in the TAK1 −/− mice. When we compared the level of fluorescent signal in the cerebellum to levels observed in the hippocampus (WT= 8.3 ± 2; TAK1 −/− = 7.6 ± 1.9) or cortex (WT = 6.4 ± 2.3;
, which also rely on GLAST fibers and signaling for neuronal migration, no significant difference was noted in the TAK1 −/− mice.
Golgi Staining
Given the altered architecture of the Purkinje cell processes observed at an early age of PND7, we examined Golgistained Purkinje cells in the cerebellum at a slightly older age (PND21) after the normal migration of cerebellar granule cells. Examination of six sections per mouse, matched to plane of cut, showed no gross difference as a function of genotype in the morphology of Golgi-positive (Golgi + ) cells within the cerebellar VI-VII lobules (Fig. 5) . The general arborization and orientation of the neuronal dendritic field were not grossly altered in the TAK1 −/− mice. Soma size and branch point were determined from zstack images of ten Purkinje cells per lobule per section. Golgi + Purkinje cells showed, on average, an 18% (±4%) decrease in soma size. From sampling across multiple cells, littermates showed no gross differences in the Purkinje cell dendritic field. The length of the apical dendrite to first branch point was decreased by 35±5% in the TAK1 −/− mice. This is not unexpected, given the smaller overall size of the cerebellum as some adjustment would be required. However, alterations in synaptic connectivity cannot be ruled-out, simply due to the proportional size of the cerebellum. A similar pattern was observed within the IV-V lobules where the soma size was decreased by 15± 2%. In addition to the Purkinje neurons, large Golgi + cells within the cerebellum were 30±5% smaller in the TAK1 −/− mice ( Fig. 5c ) and the soma of smaller branched-Golgi + cells were decreased (15±5%) and found to display longer This allowed for a set of sections consistent with orientation and plane of cut for sampling. Sections containing lobules VI-VII were identified and six sections for each brain were randomly selected for immunostaining. Immunoreactivity was detected in the rod-like domain of Bergmann fibers and within the fibers throughout the IGL consistent with the normal staining pattern at PND7 [18] . b, c In samples matched for plane of cut and orientation-integrated intensity of GLAST staining (mean±SD; n=3) was determined. Z-stack fluorescent images were collected of multiple sections from three animals per group and processed under identical conditions, maximum projection images prepared, and inclusive thresholding set. Integrated intensity values, defined as the sum of all intensity values for all pixels in a region of interest, were collected from the thresholded images (mean±SD). c Consistent with the visual representation, integrated intensity values for GLAST demonstrated an approximate 50% decrease (p<0.05) in immunostaining in the TAK −/− mice at PND7. Scale bar=25 μm and less complex branches as compared to WT ( Fig. 5d ; branch points WT=5±1; TAK1 −/− =2±1).
Microglia Morphology
As the primary immune cell of the brain, microglia respond to cell death signals for phagocytosis of debris. They contribute to the formation of brain structures during the developmental process of pruning. Given previous reports suggesting an increase in cerebellar granule cell death in TR4 −/− mice [25] , we examined the microglia response within the cerebellum at PND21 as an indicator of focal cell death. IB 4 -stained microglia displayed thin, ramified processes in the WT cerebellum (Fig. 6 ). In the PND21 TAK1 −/− mouse, an increase was observed in ramified process bearing microglia and in clusters of microglia (long arrow; Fig. 6 ). The increase in amoeboid microglia (short arrow; Fig. 6 ) was suggestive of activation and phagocytic activity, possibly as an indicator of cellular death within the cerebellum.
Luxol Fast Blue Staining for Myelin
Previous work suggested that the developmental process of myelination is altered within the brains of TR4 −/− mice [39] . As myelination continues well into the adolescent life of the animal, adult mice were examined for any changes in Luxol fast blue staining of the myelin sheaths within the cerebellum and internal capsule. For each myelinated area, sections were matched for plane of cut by anatomical landmarks, and multiple sections were examined to ensure appropriate comparison of staining across sections and animals. The staining pattern indicated significant smaller myelinated tracts within the cerebellum of TAK1 −/− mice (Fig. 7a) . The cortico-pontine-cerebellar tracts represent cortical axons that leave the cortex, descending in the internal capsule along with pyramidal tract fibers. These axons synapse with cells in the pons that send projections to the cerebellum. Luxol fast blue staining indicated a smaller yet more compact internal capsule (Fig. 7b ).
Behavioral Assessments
Motor Coordination
Gross alterations in gait were not detected in the adult TAK1 −/− mice. Earlier reports on TR4 −/− mice suggested a deficit in narrow ledge-balancing and wire-hanging [35] . Consistent with the type of hindlimb requirements for these tasks, a difference was seen in hindlimb clasping. In WT mice, the hindlimbs orient straight down or slightly b Twenty randomly selected Golgi-stained Purkinje neurons within lobules VII or IV-V anterior to the primary fissure were visualized for morphological features, overall arborization, and measured for soma size and length to first branching. In TAK1 −/− mice, Golgi + Purkinje neurons showed a 20% decrease in soma size and 20±5% decrease in apical dendrite to first branch point; however, total arborization of individual cells did not appear to be grossly altered. c, d Golgi-stained neurons that were not Purkinje neurons, were selected in a similar manner. c Representative type of Golgi-stained cell. d Representative morphology of Golgi cell measured for soma size and complexity of branching (number of branch points on an individual cell). Soma size was not significantly altered; however, branching was significantly decreased (p<0.05) by approximately 40%. Scale bar=25 μm extended (median score of 0.5) while the hindlimbs are pulled toward the body in the TAK1 −/− mice (median score of 2 as defined in "Materials and Methods" section). Performance on motor tasks, such as the inverted screen and negative geotaxis would not be influenced by "hindlimb clasping" and were not altered in the TAK1 −/− mice. The average latency for the inverted screen was 13±4 s for WT and 15±4 s for TAK1 
Locomotor and Exploratory Activity
The total level of locomotor activity was not altered in the TAK1 −/− mice (Fig. 8a) . A normal pattern of activity habituation over the test session was similar between TAK1 −/− and WT mice (Fig. 8a) in that activity levels decreased over the 30-min test session. In the WT mouse, the percent time spent in the margin or perimeter of the chamber increased over the session while the TAK1 −/− mice displayed similar margin time across the entire session (Fig. 8b) .
The light/dark test is based on spontaneous exploratory behavior of rodents and their innate aversion to brightly illuminated areas. An increased latency to enter the preferred dark chamber can be due to increased exploratory activity or elevated anxiety represented by freezing behavior in the illuminated chamber. WT mice displayed a normal preference for the dark chamber with an average entry (Fig. 8c) . A significantly increased latency to enter the dark chamber (26 s) was observed in TAK1 −/− mice (Fig. 8c) . Observations determined that the increased latency was due to freezing behavior within the light chamber. TAK1 −/− mice adapted to the environment and, upon the second trial, freezing behavior was no longer evident, and latency to enter the dark chamber was similar to WT (Fig. 8c) .
Running Wheel Upon placement into the new environment (day1; 11:00-17:00), TAK1 −/− mice showed significantly less activity during the initial 6 h (p<0.05; Fig. 9a ) as compared to WT. In both WT and TAK1 −/− mice, a normal diurnal cycle was observed with increased activity during the dark cycle (18:00-6:00) and minimal activity during the light-cycle (6:00-18:00) (Fig. 9a) . The normal pattern of increased wheel-running over the course of 9 days is associated with the ability of the animal to learn the appropriate motor coordination and speed to adjust its movements to control/balance the wheel allowing for a full forward motion [40] . In WT mice, activity level during the dark cycle continued to increase over the 9-day test period (Fig. 9a) . In TAK1 −/− mice, activity during the dark cycle was similar to WT mice for the first 4 days; however, peak activity level was reached by day 4, and this level of activity continued until day 9 (Fig. 9a) . The plateau in level of performance on the running wheel by the TAK1 −/− mice could reflect a physical maximum activity level; however, analysis of the data suggested that the maximum number of rotations within any 1-h epoch of time could be similar between groups. Additional analysis of the running-wheel activity (Fig. 9b) showed that the amplitude of activity was significantly reduced in TAK1
−/− mice. The time of day for maximum activity (t max ), at which increasing activity reached half the amplitude (t 1/2 up), was not altered; however, the time for decreasing activity (t 1/2 down) was significantly increased in the TAK1 −/− . The number of hours per day during which the mice had higher activity levels was increased in TAK1
−/− mice, with a corresponding decrease in time spent at lower activity levels.
Startle Response, PPI, and Social Behavior
Given the lack of gross changes in motor behavior, we considered other behaviors reflective of cerebellar contributions to higher order functions. Alterations in lobules VI and VII have been reported in human neurodevelopmental disorders, such as autism [41] , and a decreased size of the cerebellum occurs in subjects with schizophrenia in which deficits in auditory prepulse inhibition [42, 43] and low levels of social approach [44] are characteristic. Thus, we examined these endpoints using paradigms designed for mice [45] . Acoustic startle is recorded as a motor reflex response to an intense, loud noise stimulus. The initial startle response amplitude to a 120-dB tone was significantly lower in the TAK1 −/− mice as compared to the response elicited from WT mice (Fig. 10a) . Habituation to the 120-dB stimulus was calculated as the change in response amplitude from the initial block of six stimuli to the last block of six stimuli. WT mice exhibited a significant habituation (p< 0.05), while habituation in the TAK1 −/− mice was significantly less (Fig. 10b) . The acoustic startle response is Fig. 9 . Home cage runningwheel activity. a Mean total activity in the home-cage running wheel during the dark and light periods over 9 days. Day 1 represents 6 hr of activity. b Further analysis of components of the running-wheel activity as described in the "Materials and Methods" section. The amplitude of activity, T max -the hour at which the animal reached maximum activity level; T 1/2 up-the hour of the day for initiating running; T 1/2 down-the hour of the day for decreasing activity; the hours within a day for high activity and the concurrent hours for low activity. TAK −/− (KO; n=10) and WT mice (n=10). Data represents mean±SEM. Asterisk indicates significant difference from WT mice (p<0.05) reduced when a prepulse stimulus is presented before the main startle stimulus. This PPI of the auditory startle response was measured to assess sensorimotor gating and the ability of the nervous system to inhibit a motor response to sensory input [32, 46] . While the startle response amplitude was lower in TAK1 −/− mice, PPI was detected and was significantly less as compared to WT (Fig. 10c) . A decreased startle response can modify the interpretation of a deficit in PPI; however, in the mouse, sensorimotor gating processes are not generally linked to the startle reactivity, given that the level of PPI is independent of the magnitude of the startle response [47] . Activity levels during the test session are measured as "no-stimulus responses" and were similar between groups (Fig. 10d) . No correlation between startle response amplitude and body weight was found, indicating that the lower startle response in TAK1 −/− mice was not due to the lower body weight. T-max was similar between both groups of mice, suggesting no difference in latency to respond to the stimulus (data not shown). No significant difference in startle response to a stimulus intensity of 90 dB was observed, suggesting that the deficit in startle was not directly due to a hearing deficit; however, further evaluation would be required for assessment of auditory acuity. Social interaction tests assess the identification and preference of contact with an interactive presence. Social contact assessment showed that WT mice displayed a normal preference for the compartment containing the unfamiliar mouse and emitted contact bouts with the unfamiliar mouse ( Fig. 11a-b) . In comparison, TAK1
−/− mice displayed no preference for the compartment containing the unfamiliar mouse. This was evident in the relatively uniform time spent in each chamber (Fig. 11b) , resulting in significantly lower total amount of time spent in contact with an unfamiliar mouse as well as significantly less number of contact bouts for the TAK1 −/− mice as compared to WT (Fig. 11a) .
Social interaction tests assess the identification and preference of contact with an interactive presence. Social contact assessment showed that WT mice displayed a normal preference for the compartment containing the unfamiliar mouse and emitted contact bouts with the unfamiliar mouse ( Fig. 11a-b) . In comparison, TAK1
Discussion
TAK1
−/− (TR4 −/− ) mice exhibit a decreased size of the cerebellum and a diminished foliation of lobules VI-VII [11, 25, 35, 38] . In the rodent brain, TAK1 is highly expressed in the cerebellar granule cells [2, 10] , and it has been proposed that the decrease in size is related to a loss of cerebellar granule neurons and a developmental delay in neuronal migration [38] . We found similar differences in the cerebellum of TAK1 −/− mice with regards to size, foliation, and an apparent delay in granule cell migration. We now provide evidence that the overall difference in the development of the cerebellum is related to interactions between Bergmann fibers expressing GLAST and the migrating granule neurons that normally express TAK1.
We also demonstrate that this alteration in the cerebellum is not sufficient to significantly affect gross motor coordination or strength. Neurobehavioral alterations observed in TAK1 −/− mice suggest that the absence of TAK1 significantly affects the network pathways from the cerebellum to cortical and association areas that provide adaptive control for motor learning, sensory discrimination, and some complex cognitive tasks [48, 49] . Granule cell survival is compromised and migration does not occur when Bergmann fibers are disordered and atrophic; however, this abnormality may be secondary to a defect in granule cells [15, 16] . For example, neuronal migration is slowed in mice lacking the gliotrophic factor, astrotactin [50, 51] , in cerebellar granule neurons. Moreover, the slightly narrower ML containing migrating granule cells with a rounded morphology [52] , is reminiscent of the pattern displayed in the TAK1 −/− mice during postnatal development [11] . It is possible that, similar to astrotactin, the absence of TAK1 expression in migrating cerebellar granule cells causes a loss of appropriate signaling interactions with Bergmann fibers, resulting in structural abnormalities and defects in migration. Interestingly, in Zic1 heterozygous mice, the patterning of the cerebellum and the diminished foliation of the VI-VII lobule are similar to that seen in the TAK1 −/− mice. Zic genes have zinc-finger domains similar to Gli proteins that act as transcriptional regulators in hedgehog signaling and may regulate the activation of Notch signals. Delta/notch-like epidermal growth factor repeat (DNER) is a novel Notch ligand and can stimulate Deltex-dependent Notch signaling for maturation of Bergmann glia in the cerebellum [22] . DNER knockout mice show an absence of the intercrural fissure in the VI-VII lobule and a narrower ML during development [23] . These models demonstrate the importance of the Bergmann fibers in cerebellar development and suggest that the slight disorganization of the Bergmann fibers observed in the cerebellum of TAK1 −/− mice is a significant contributing factor to the deficits observed. Earlier work on the TR4 −/− mouse reported a developmental delay with a severe but transient shunting of Purkinje cells at PND7 [1, 25] . When we examined TAK1 −/− mice at this age, we did not observe shunting;
however, we did observe a shortened and a slightly dysmorphic pattern of process extensions of Purkinje neurons and a delay in forming a normal monolayer arrangement. The cells still appeared to project across the ML, presumably to target neurons. The tips of growing Purkinje cell dendrites align parallel and attach to the rodlike domain of Bergmann fibers [18] . Thus, altered contact or signaling from Bergmann fibers expressing GLAST can contribute to the morphological disarrangement of the Purkinje cells observed in the TAK1 −/− mice at PND7. By PND21, Golgi-stained Purkinje cells in TAK1 −/− mice displayed a smaller soma but no evidence of being dysmorphic; however, further examination showed a decrease fielding the length of the first branch point of the apical dendrite. While such a finding would normally suggest a developmental disruption, clear interpretation of these findings is confounded by the proportional decrease in size of the entire cerebellum and the possibility that these deficits are simply the result of the physically smaller area. During development, not only do Bergmann fibers provide structural support for neuronal migration but, by way of their affinity for developing Purkinje cells, they can also regulate synapse formation and activity [18] . As a glutamate transporter, GLAST [53] is involved in Purkinje cell synapse development, motor coordination, and protection against excito-toxicity [54] . Diminished labeling of gamma-aminobutyric acid (GABA) neurons [35] and decreased inhibitory signaling in the cerebellum [11] may be related to diminished protection from glutamate signaling with decreased GLAST expression in TAK1 −/− mice.
Inhibitory signaling within the cerebellum also occurs through the large spontaneously active Golgi cell interneurons that modulate the activity of the mossy fiber to granule cell excitatory synapses and influence signals via the Purkinje cell [55, 56] . Thus, the absence of complexity of branching of Golgi interneurons could contribute to the decreased inhibitory signaling in the cerebellum previously reported [11] . In addition, an altered balance in excitatory and inhibitory signaling would contribute to an alteration in the functional network projections to the forebrain. The specificity of deficits in the foliation of the VI-VII lobule remains a question. The formation of cerebellar folia is derived from expansive proliferation of granule cells in the external granule layer (EGL) and through interactive communication with Purkinje cells [57] . Previous studies suggested that the absence of foliation of lobules VI-VII was due to decreased proliferation and increased death of cerebellar granule cells [11, 25, 35, 38] . Lobules VI-VII are phylogenetically the most recently derived part of the cerebellum [58] with a role in emotion, language, working memory, and executive functions [59] . Alterations in lobules VI-VII have been reported in human neurodevelopmental disorders with characteristic deficits in auditory prepulse inhibition [42, 43] and social approach [44] . TAK1 −/− mice exhibited significant deficits in these specific endpoints. The response to auditory stimuli was decreased, which could represent a deficit in the motor response or a reduced behavioral reactivity to environmental stimuli. In addition, a deficit was observed in the integration of signals for auditory prepulse inhibition suggestive of impairment in information processing [60] . When we examined social interactive behavior of the TAK1 −/− mice, a pattern of diminished interactions was observed, characterized by an absence of the normal preference for contact with an unfamiliar mouse. Whether these behaviors are due to changes in the cerebellum or dependent upon network interactions between the cerebellum and cortical structures will require further experimentation. However, an alteration in communication between the two structures is possible, given the smaller myelin tracts within the cerebellum and internal capsule. The smaller cerebellum prompted investigation of behaviors related to cerebellar function, such as motor coordination. In a battery of tests to screen for gross changes in motor strength, coordination, and activity, adult TAK1 −/− mice were similar to WT mice, consistent with the minimal changes in the architecture of the cerebellum. We did, however, identify a hindlimb-clasping response in TAK1 −/− mice that could account for deficits in narrow ledge-balancing and wire-hanging reported for TR4 −/− mice [35] . While motor coordination is linked to cerebellar functioning, this structure also provides adaptive control for motor learning, balance, sensory discrimination, and some complex cognitive tasks [48, 49, 61, 62] . Thus, given the lack of gross motor deficits, we examined other behavioral tasks that incorporate a motor component. Our data suggest that morphological alterations occurring during the development and maturation of the cerebellum result in altered neural circuitry not only within but also originating from the cerebellum. TAK1 −/− mice display alterations in more complex behaviors, such as deficits in exploration in a novel environment, cerebellar motor learning, and auditory sensory gating. By examining different components of the running-wheel behavior, we were able to detect differences in the TAK1 −/− mice. In the absence of changes in gross motor performance, we speculate that the plateau observed in the running wheel represents a deficit in motor coordination to control/balance the wheel for an extended period of time. The initial decreased activity with the introduction of a running wheel to the home cage suggested a diminished level of exploratory behavior in a novel environment consistent with both locomotor activity and passive avoidance performance. In addition, the increase in time spent in high levels of activity and the delay in termination of the activity raise the possibility of an activity-dependent repetitive behavior in TAK1 −/− mice.
One could present arguments for, as well as, against the specificity of the behavioral changes to the structural alterations in the cerebellum. While the cerebellum is involved in multiple aspects of behavior, cell-cell interactions during development related to GLAST expression and neuronal migration also occur in other brain regions, specifically, the cortex and hippocampus. Thus, while the dramatic decrease in GLAST immunoreactivity in the cerebellum was not observed in these structures at the age examined, TAK1 is also expressed in neurons of these regions, and developmental alterations may contribute to the neurobehavioral effects observed in the current study. Overall, these observations support the concept that TAK1 has a pivotal role in brain development and suggest that the developmental alterations in the cerebellum of the TAK1 −/− mice provide an excellent model to enhance our understanding of developmental neuronal-glial interactions and its impact on neurobehavioral functions.
